Atrazine (ATR) is one of the most frequently detected pesticides in the U.S. water supply. This study aimed to investigate neurobehavioral and neurochemical effects of ATR in C57BL/6 mouse offspring and dams exposed to a relatively low (3 mg/l, estimated intake 1.4 mg/kg/day) concentration of ATR via the drinking water (DW) from gestational day 6 to postnatal day (PND) 23. Behavioral tests included open field, pole, grip strength, novel object recognition (NOR), forced swim, and marble burying tests. Maternal weight gain and offspring (PND21, 35, and 70) body or brain weights were not affected by ATR. However, ATR-treated dams exhibited decreased NOR performance and a trend toward hyperactivity. Juvenile offspring (PND35) from ATR-exposed dams were hyperactive (both sexes), spent less time swimming (males), and buried more marbles (females). In adult offspring (PND70), the only behavioral change was a sex-specific (females) decreased NOR performance by ATR. Neurochemically, a trend toward increased striatal dopamine (DA) in dams and a significant increase in juvenile offspring (both sexes) was observed. Additionally, ATR exposure decreased perirhinal cortex serotonin in the adult female offspring. These results suggest that perinatal DW exposure to ATR targets the nigrostriatal DA pathway in dams and, especially, juvenile offspring, alters dams' cognitive performance, induces sex-selective changes involving motor and emotional functions in juvenile offspring, and decreases cognitive ability of adult female offspring, with the latter possibly associated with altered perirhinal cortex serotonin homeostasis. Overall, ATR exposure during gestation and lactation may cause adverse nervous system effects to both offspring and dams.
ABBREVIATIONS
ANOVA analysis of variance ATR atrazine, 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine DA dopamine DACT didealkylatrazine, 2-chloro-4,6-diamino-1,3,5-triazine DOPAC 3,4-dihydroxyphenylacetic acid DW drinking water FST forced swim test 5-HIAA 5-hydroxyindoleacetic acid HPLC high-performance liquid chromatography 5-HT serotonin HVA homovanillic acid MHPG 3-methoxy-4-hydroxyphenylglycol 3-MT 3-methoxytyramine N N e w t o n NE norepinephrine NOR novel object recognition test Atrazine (ATR) is a widely used chlorotriazine herbicide and a ubiquitous water contaminant (ATSDR, 2003) . In areas with heavy ATR use, such as the Midwestern United States, ATR concentrations in drinking and surface waters could reach up to 34 and 224 g/l, respectively; these concentrations are well above the current maximum contaminant level for ATR in the United States (3 g/l; ATSDR, 2003; Mosquin et al., 2012) . ATR and/or its metabolites are commonly detected in urine samples from pesticide applicators, their families, and the general population, including pregnant women (Chevrier et al., 2011; Curwin et al., 2007) . ATR/metabolite residues are also detected in umbilical cord plasma and breast milk samples from the general population that is exposed to ATR primarily via the drinking water (DW; Balduini et al., 2003; Whyatt et al., 2003) . The likelihood for DW overexposure to ATR raises a concern about the potential adverse impacts this herbicide has to humans, especially during the highly vulnerable gestational and lactational periods. Animal studies have shown that exposure to relatively high doses of ATR (≥10 mg/kg; based on EPA acute dietary developmental study guidelines (EPA, 2003) , doses of Ͻ10 mg/kg are defined as being relatively low) targets brain monoaminergic systems, especially the nigrostriatal dopamine (DA) system, and it causes a range of cellular, molecular, and behavioral abnormalities (Bardullas et al., 2011; Coban and Filipov, 2007; Lin et al., 2013b; Rodriguez et al., 2013) . For example, short-term (4-14 days) oral ATR (125-250 mg/kg) exposure induces hypoactivity, object recognition memory deficits, and anxiety-like behavior that are accompanied with altered DA and serotonin (5-HT) homeostasis in the striatum and prefrontal cortex in adult mice (Lin et al., 2013b) ; ATR also reduces substantia nigra and ventral tegmental area DA neurons in juvenile mice (Coban and Filipov, 2007) . Long-term (1 year) dietary ATR (10 mg/kg) exposure alters motor activity and decreases striatal DA in rats (Bardullas et al., 2011) . However, effects on monoamine systems and associated behaviors following exposure to lower concentrations of ATR during sensitive periods, such as gestation and lactation, have not been investigated.
Gestational and/or lactational exposure to higher oral doses of ATR (100 mg/kg) has been found to delay offspring's vaginal opening and mammary gland development (Rayner et al., 2004) . Oral exposure to environmentally relevant doses of ATR from gestational day (GD) 14 to postnatal day (PND) 21 alters motor activity (≥0.001 mg/kg) in juvenile offspring and causes extensive neurodegenerative alterations (0.1 mg/kg) in cortical, striatal, hippocampal, and hypothalamic areas of adult offspring (Belloni et al., 2011; Giusi et al., 2006) , suggesting that the developing nervous system is particularly sensitive to ATR and that some effects are only observed/still present in adulthood. In humans, environmental exposure to ATR during pregnancy has been associated with various adverse birth outcomes, including preterm birth (Ochoa-Acuña et al., 2009) . Striatal structural abnormalities are a common pathology in the brains of preterm infants (Dyet et al., 2006; Peterson et al., 2000; Volpe, 2009 ), suggesting a possible epidemiological correlate between developmental overexposure to ATR and basal ganglia disorders.
A developing nervous system has greater sensitivity than a mature one to a number of toxicants, including heavy metals and pesticides; this increased sensitivity is attributed not only to the presence of an immature blood-brain barrier, but also to the complex temporal and regional emergence of critical developmental processes (e.g., proliferation and differentiation; Rice and Barone, 2000) . Our recent study (Lin et al., 2013a) suggests that ATR affects dopaminergic neuronal differentiation in vitro and that the developing dopaminergic system may be particularly vulnerable to ATR when dopaminergic neurons are undifferentiated, which, in mice, corresponds to the period of GD6-10.5 (Prakash and Wurst, 2006) . However, developmental neurotoxicity studies with ATR that include this sensitive window are lacking.
In line with the main human exposure route and considering the lack of neurobehavioral and neurochemical data associated with gestational and lactational DW ATR exposure, this study aimed to determine the effects of exposure to relatively low DW concentration of ATR (3 mg/l) from GD6 to PND23 on monoamine-relevant behavior and neurochemistry in dams, juvenile and adult offspring. For behavioral analyses, we chose the following tests: open field, pole, grip strength, marble burying, novel object recognition (NOR), and forced swim test (FST). These tests are commonly used to evaluate motor, emotional, and cognitive functions of rodents and have been shown to be, at least in part, related to the normal function of brain regions receiving rich monoaminergic innervations, including the prefrontal cortex, nucleus accumbens, striatum, perirhinal cortex, and hippocampus (Antunes and Biala, 2012; Lin et al., 2013b; Malkova et al., 2012) . These regions were collected for analysis of monoamine levels in order to reveal potential neurochemical substrates associated with ATR-induced behavioral changes.
MATERIALS AND METHODS

Animals and Chemicals
Adult male C57BL/6 breeder mice (2-6 months old, 29.3 ± 1.4 g) and female C57BL/6 mice (2-6 months old, 21.7 ± 0.4 g; Taconic, Hudson, NY) were housed with water and food available ad libitum under constant temperature (22 o C) on a 12:12 (Light:Dark) h light cycle in an AAALAC accredited facility throughout the study. Female mice were housed in pairs until mating. For breeding, two virgin female mice were placed with one male breeder overnight and removed next morning at lights-on. Pregnancy was identified by the appearance of a vaginal plug on the following morning; pregnant mice were designated as GD1, randomly assigned to control or ATR-treated groups, and housed individually for the duration of the study. All animal procedures were conducted according to the latest NIH guidelines and were approved in advance by the Institutional Animal Care and Use Committee of the University of Georgia. ATR (98.9% purity) was obtained from Chem Service (West Chester, PA). All chemicals (i.e., NaH 2 PO 4 H 2 O, octyl sodium sulfate, EDTA disodium salt, triethylamine, and methanol) for the mobile phase used for HPLC (high-performance liquid chromatography) analysis (described below) were purchased from Thermo Fisher (Fair Lawn, NJ). Ethanol was from Decon Labs, Inc. (King of Prussia, PA). All other chemicals and reagents, including HPLC standards, unless specified, were obtained from Sigma (Saint Louis, MO).
Exposure Solution Preparation and Exposure Paradigm ATR-containing DW solutions were prepared by dilution of a 50 mM stock solution of ATR (10784.5 mg/l; in absolute ethanol) in deionized water. For vehicle solution, in the pilot dose-finding study (described below) a volume of ethanol equal to the largest amount added to the ATR-containing water solutions was added (0.28% v/v in the 30 mg/l dose group), whereas in the main developmental study (3 mg/l ATR dose) the volume of ethanol in the vehicle group was exactly the same as that in the ATR-treated group (0.028% v/v). These ethanol concentrations (0.028-0.28% v/v) are markedly lower than the lowest concentration (3% v/v) reported to cause developmental neurotoxicity in rodents in a perinatal exposure paradigm (Tattoli et al., 2001) . Mice drank the ATR-or vehicle-containing water solutions ad libitum; fresh solutions were prepared weekly (in water, ATR is fairly stable, with a half-life longer than 6 months (ATSDR, 2003) ) and the water bottles were changed and weighed weekly.
In the pilot dose-finding study, limited number (n = 3/group) of pregnant mice were exposed to ATR via DW at a concentration of 0 (vehicle control), 0.03, 3, or 30 mg/l from GD6 to PND23. The dosage levels were selected based on the OECD (Organization for Economic Cooperation and Development) developmental neurotoxicity study guidelines (OECD, 2007) . Thus, the highest dose (30 mg/l) aimed to produce some maternal and/or fetal/neonatal toxicity was lower than the solubility limit of ATR in water (34.7 mg/l; ATSDR, 2003) . The lowest dose (0.03 mg/l) was based on the highest level (0.034 mg/l) in the Midwestern U.S. DW (Mosquin et al., 2012) . The medium dose (3 mg/l) was around 10-fold higher than maximum level (0.224 mg/l) in Midwestern U.S. surface water (ATSDR, 2003) . In this pilot study, all three dams in the highest dose group (30 mg/l) aborted around GD17, whereas all three dams in the medium dose group (3 mg/l) delivered normal litters in a timely manner (GD20 ± 1) and cared for their litters similar to control dams. Hence, the main neurodevelopmental study focused only on the 3 mg/l ATR exposure level. This (3 mg/l) dose was selected by taking an uncertainty factor of 10 to account for species differences between rodents and humans (ATSDR, 2003) including in ATR's metabolism. Specifically, in rodents, the in vitro metabolic rates from atrazine to desethylatrazine and from atrazine to desisopropylatrazine are around 4-and 19-fold higher than in humans, respectively (Lang et al., 1996) . This species difference in ATR metabolism, if present in vivo, will result in higher concentrations of ATR in humans than in rodents if they are exposed to the same external dose of ATR; this can be predicted based on our recently developed physiologically based pharmacokinetic models for ATR (Lin et al., 2011 (Lin et al., , 2013c .
In the developmental study, timed-pregnant C57BL/6 mice (10/group) were exposed to vehicle or 3 mg/l ATR via the DW from GD6 to PND23-24. Three independent blocks of the experiments were performed with an average of three animals/treatment/time point in each block and 8-month interval between blocks. The experimental timeline is depicted in Figure 1 and is also described in further detail in the Materials and Methods section below.
Observations and Tissue Collection of Dams, Juvenile and Adult Offspring
Health status observations and dam inspection for parturition to determine the time of delivery were made twice daily (a.m. and p.m.). The day of parturition was designated as PND0. All pregnant mice were allowed to deliver spontaneously and nurse their pups until PND23-24. Maternal body weights and food and water consumptions were recorded weekly. Mean actual ATR exposure (mg/kg/day) was determined by multiplying the concentration of ATR in the water (mg/l) by the relative water consumption volume (l/kg/day) for each animal and is reported later in the text.
Health observations on all pups were performed daily and on PND6 the litter size for each litter was recorded. Mean litter size for control (5.9 ± 0.6) and ATR-exposed dams (6.6 ± 0.6) was similar (p = 0.44). Similarly, the female:male (f:m) sex ratios (49:51 and 54:46 for control and ATR-treated groups, respectively) were not affected (p = 0.56) by the ATR treatment. Two pups (one male and one female) per litter were weighed and sacrificed on PND21-22 (thereafter designated PND21); the remaining pups were weighed and weaned on PND23-24 (thereafter designated PND23) when dams were euthanized (by CO 2 exposure followed by decapitation; one day after a 2-day behavioral analysis [ Fig. 1]) . Juvenile (PND35-36; thereafter designated PND35) and adult (PND70-71; thereafter designated PND70) offspring were also subjected to a 2-day behavioral analysis (Fig.  1) and euthanized 48 h after completion of the FST. Brain tissues from all animals (dams, PND35, and PND70) were collected and processed similar to Coban and Filipov (2007) . In brief, the whole brain was immediately harvested, weighed, rinsed in icecold HEPES-buffered Hank's saline solution (pH 7.4), and split sagittally into two hemispheres; one-half of the brain was frozen on dry ice and stored at −80
• C for neurochemistry analysis and the other half was fixed in 4% paraformaldehyde. At the time of brain collection, body weights, liver, spleen, thymus, uterus, ovary, and/or testis weights were also recorded.
Behavioral Analysis of Dams, Juvenile and Adult Offspring
Open field test (dams, juvenile and adult offspring) . Motor activity was evaluated in dams (PND21, prior to weaning), juvenile (PND35) and adult (PND70) offspring using an open field test as in Lin et al. (2013b) . Pole test (dams, juvenile and adult offspring) . Pole test (Matsuura et al., 1997) was used for motor coordination. In brief, mice were gently placed head-up on top of a vertical metal pole with a gauze-wrapped rough surface. The maximum time allowed for turning was 60 s and the maximum total time per trial was 120 s. A total of four trials were conducted for each mouse with a 3-5 min resting period between each trial. The average time to turn, time to descend, and total time spent on the pole for all four trials were used for statistical analysis.
FIG. 1.
Experimental design and a timeline for the current study. Pregnant C57BL/6 mice were exposed to vehicle or 3 mg/l atrazine via the drinking water from gestational day 6 to postnatal day (PND) 23-24. Dams (PND21-22), juvenile (PND35-36) and adult (PND70-71) offspring were subjected to a 2-day behavioral analysis, followed by tissue collections 1 and 2 days after completion of the forced swim test in the dam and offspring, respectively. Selected brain regions were collected for monoamine neurochemistry analysis with HPLC as described in the Materials and Methods.
Grip strength test (dams, juvenile and adult offspring)
. Neuromuscular function was evaluated by measuring forelimb grip strength using a mouse-specific strength gauge (Bioseb, France) as in Miller et al. (2010) . The maximum grip strength was recorded in Newtons [N] . For each mouse, four measurements (1 min apart) were taken to obtain an average value that was used for subsequent statistical analysis.
Novel object recognition test (dams and adult offspring).
Memory function was assessed using a NOR (Sik et al., 2003) . The open arenas for NOR were the same as the environment for open field test and the 30-min open field testing period was considered as habituation phase in the NOR. One day after habituation, mice were placed in the arena for 5 min with two identical objects. After a 1-h rest period in their home cages, mice were placed back into the arena for 5 min with one familiar object and one novel object. The order of objects and object location was randomized.
To prevent the use of odor cues, the objects and the arenas were always thoroughly cleaned between sessions with 0.4% Roccal-D Plus (Pfizer Inc., New York, NY). The number of approaches toward the novel (N1) versus the familiar object (N2) was counted using the Limelight video tracking software and these data were expressed as % of the total number of approaches for determination of novelty preference. The novelty preference index (NPI; Sik et al., 2003) was calculated using the following equation: NPI = (N1 -N2)/(N1 + N2). Petit-Demouliere et al. (2005) . Briefly, mice were gently placed in a cylindrical container (d × h: 18 × 25 cm) filled approximately with 3 l tap water (29 ± 1 o C) and allowed to swim for 15 min. Fresh water and clean container were used for every mouse. The Limelight video tracking software was used to score the time spent swimming versus immobile and the number of climbings by an experimenter blinded to treatment groups.
Forced swim test (dams, juvenile and adult offspring). FST is described in detail in
Marble burying test (juvenile and adult offspring).
All animals went through the above-mentioned five behavioral tests. In addition, because our recent study (Lin et al., 2013b) found that ATR exposure may affect anxiety-like behavior in mice, a marble burying test was included in the third block of the experiments to assess offspring's anxiety-like behavior based on Malkova et al. (2012) with minor modifications. Clean testing cages (l × w × h: 40.5 × 20.5 × 18.5 cm) were filled with a 4-cm layer of pine bedding (American Wood Fibers, Columbia, MD). Animals were habituated to these cages for 10 min and then returned to their home cages. Twenty blue glass marbles (1-cm diameter; Panacea Products Corp., Columbus, OH) were laid gently on the top of the bedding, equidistant from each other in a 4 × 5 arrangement. After a 40-min resting period, animals were placed back into the testing cages and the number of marbles at least two-thirds covered by bedding material in 10 min was counted (Malkova et al., 2012) . New cages, bedding, and clean marbles were used for each animal.
Neurochemistry of Dams, Juvenile and Adult Offspring
Frozen brain regional punching and determination of monoamines and their metabolites were performed as described in our earlier study (Coban and Filipov, 2007) with minor modifications. Briefly, micropunches from the prefrontal cortex, nucleus accumbens, striatum, hippocampus (1.5 mm in diameter), and perirhinal cortex (0.75 mm in diameter) were collected from 500-m thick frozen sections. The prefrontal cortex, striatum, and hippocampus were collected from all three blocks, whereas the nucleus accumbens and perirhinal cortex were collected only from the third block because our latest study (Lin et al., 2013b) suggested that ATR exposure may affect object recognition memory, which is associated with the normal function of nucleus accumbens and perirhinal cortex. Brain micropunches were placed in centrifuge tubes containing 100 l (50 l for perirhinal cortex) of 0.2 N perchloric acid, sonicated, and centrifuged (13,200 g at 4 o C for 10 min). An aliquot (20 l) of the supernatant was injected into HPLC with an electrochemical detector (Waters 2465; Waters Co.) for determination of: (1) DA and its metabolites: DOPAC (3,4-dihydroxyphenylacetic acid), HVA (homovanillic acid), and 3-MT (3-methoxytyramine), (2) 5-HT and its metabolite 5-HIAA (5-hydroxyindoleacetic acid), and (3) NE (norepinephrine) and its metabolite MHPG (3-methoxy-4-hydroxyphenylglycol). The analytes were separated on a C 18 , 5 m base deactivated reverse-phase column (4.6 mm × 25 cm; Supelco, Sigma) using an isocratic flow rate of 0.5 ml/min and a mobile phase as in Lin et al. (2013b) . Neurochemistry data were normalized on a per mg protein basis. Protein digestion and concentration determination was done as previously described (Coban and Filipov, 2007) .
Statistics
Data were analyzed with dam or (as appropriate) litter as the experimental unit using SigmaStat 2.03 (SPSS Inc., Chicago, IL) and presented as means ± SE, except pole test data, which are presented as median ± range. For the offspring, one pup/sex/litter was used for statistical analysis within age group, i.e., PND35 and PND70. In limited cases where there were extra animals (males or females) the data from littermates within sex and a time point were averaged and the mean value was used for statistical analysis. All data, except the marble burying test, nucleus accumbens, and perirhinal cortex neurochemistry data, which were available only from the third block, were subjected initially to a two-way (treatment × block) analysis of variance (ANOVA). There were no statistical differences between the different blocks (p Ͼ 0.05) for body/organ weight, food/water consumption, and behavioral data; these data within the same treatment were pooled prior to further statistical analyses. Student's t-test, unless specifically mentioned below, was used to analyze all data from the dams. Repeated measures two-way (treatment X interval) ANOVA was used to analyze dams' body weight, as well as food and water intake data. All offspring neurobehavioral, neurochemical, and body/organ weights data, unless particularly mentioned below, were analyzed by a two-way ANOVA with treatment, sex, and the interaction as the factors. Open field test data for the dams were analyzed with a repeated measures (treatment X interval) two-way ANOVA to determine the effect of an additional factor, interval (5 min time period), on horizontal and location parameters Negishi et al. (2013 (Glajch et al., 2012) .
RESULTS
Food/Water Consumption and Calculated ATR Exposure Level (Dams)
Overall, as expected, food (F(4,67) = 110.29 for the interval effect, p ≤ 0.001) and water (F(5,88) = 115.56 for the interval effect, p ≤ 0.001) consumption increased in both control and ATRtreated groups throughout gestation and lactation (Table 1) ; there were no significant differences between control and ATRtreated groups in the amount of food (F(1,67) = 0.64 for the treatment effect, p = 0.43) and water (F(1,88) = 0.02 for the treatment effect, p = 0.90) consumed. Calculated maternal ATR exposure levels increased over time as a result of the increased water consumption, ranging from 0.694 (the first week of exposure) to 2.204 mg/kg/day (the last week of exposure), with an average exposure level of 1.4 mg/kg/day.
Effects of ATR Exposure During Gestation and Lactation on Body
Weights and General Health Status DW ATR (3 mg/l) exposure from GD6 to PND23 did not cause overt toxicity to the dams, juvenile or adult offspring: the dam's and offspring's weight gain or the general health status and appearance of the ATR-exposed dams and their offspring were not different from controls (Supplementary tables 1 and 2). In addition, short of a non-significant trend toward an increase (F(1,27) = 2.884, p = 0.1) of the adult offspring's relative spleen weight (more prominent in females), no treatment-related significant changes were found in the absolute or relative weights of selected organs, including the brain, liver, spleen, thymus, ovary, uterus, and/or testis in dams, juvenile or adult offspring (Supplementary tables 1 and 2). As expected, there were significant sex differences in the body weights of juvenile (F(1,30) = 87.14, p ≤ 0.001) and adult (F(1,27) = 42.91, p ≤ 0.001) offspring, with males being heavier than females, as well as in the relative brain weights of juvenile offspring (F(1,30) = 45.53, p ≤ 0.001) and the relative brain/spleen/thymus weights of adult offspring (F(1,27) ≥ 10.68, p ≤ 0.01), which were lower in males than in females (Supplementary table 2) .
Dam Behavior
In the open field test, repeated measures two-way (treatment X interval) ANOVA revealed a trend toward a significant increase in the number of crossings per 5 min (F(1,90) = 3.90, p = 0.06; data not shown) in ATR-treated dams, but there were no significant treatment effects on the distance traveled per 5 min (F(1,90) = 1.15, p = 0.30; Fig. 2 a There were no significant differences between control and ATR-treated groups in the food (p = 0.43) and water (p = 0.90) consumption throughout gestation and lactation. ND, not determined. Data are presented as means ± SE (n = 10/group). Food and water intake data were analyzed with repeated measures two-way (treatment X interval) ANOVA. b Food intake, water intake, and the ATR exposure level are expressed on g/kg, ml/kg, and mg/kg bases, respectively, based on the maternal body weight only.
FIG. 2.
Locomotor activity in an open field test of mouse dams exposed to 3 mg/l atrazine via the drinking water from gestational day 6 to postnatal day 21-22. Parameters include distance traveled per 5 min (A), number of rearings during the first 5 min (B), time spent in center per 5 min (C), and time spent in periphery per 5 min (D). There were no significant differences (p ≥ 0.19) on these four endpoints due to ATR exposure. Data are expressed as means ± SE (n = 10/group).
dams from both control and ATR-exposed groups habituated to the testing environment, i.e., traveled significantly longer distance during the first 5 min interval compared with the last 5 min interval than those in the last 5 min interval in a similar manner. Student's t-test showed that during the first 5 min ex-
FIG. 3.
Number of approaches toward a familiar versus a novel object (%) in a novel object recognition test of mouse dams exposed to vehicle or 3 mg/l atrazine via the drinking water from gestational day 6 to postnatal day 22-23. * indicates significant difference between the novel and the familiar within a treatment group (p ≤ 0.05). Data are expressed as means ± SE (n = 10/group).
ploration period, the number of rearings (t(18) = 0.36, p = 0.723; Fig. 2 ) was not different between control and ATR-exposed animals.
In the NOR test, control dams, as expected, displayed novel object bias by showing higher percentage (63%) in the number of approaches toward the novel object (t(18) = 4.30, p ≤ 0.001; Fig. 3 ). On the contrary, there was no difference in the number of approaches toward the novel versus familiar object for the ATR-treated dams (t(18) = 0.23, p = 0.822), indicating decreased novelty preference. If these data are expressed as NPI, ATR exposure resulted in a decreased NPI in ATR-treated dams (t(18) = 2.32, p ≤ 0.05; data not shown). No significant differences were found in the pole (p ≥ 0.43, Mann-Whitney), grip strength (t(18) 
Juvenile Offspring Behavior
Repeated measures two-way (treatment X interval) ANOVA indicated that there was a significant increase in the distance traveled per 5 min (F(1,160) = 6.27, p ≤ 0.05) in ATR-treated juveniles, but there were no treatment effects on the times spent in center or periphery per 5 min (F(1,160) ≤ 0.91, p ≥ 0.35; Fig. 4 ). There were significant differences between intervals in all these four endpoints (F(5,160) ≥ 2.33, p ≤ 0.05), but no interaction effects were found (F(5,160) ≤ 1.99, p ≥ 0.08). For example, compared with the first 5 min, during the last 5 min of open field testing, the juveniles traveled shorter distance, had less number of crossings, and spent more time in center and less time in periphery. In addition, two-way (treatment X sex) ANOVA revealed a sex effect on the number of rearings during the first 5 min exploration (F(1,30) = 6.26, p ≤ 0.05), with females having higher number of rearings than males (Fig. 4) ; no ATR effect (F(1,30) = 0.80, p = 0.38) or interaction effect (F(1,30) = 1.62, p = 0.21) was found for this endpoint.
The forelimb grip strength was not affected by perinatal ATR in juvenile offspring (F(1,30) = 2.56, for the treatment effect, p = 0.12; Supplementary fig. 3 ). However, there was a trend toward a significant sex effect on grip strength (F(1,30) = 3.38, for the sex effect, p = 0.08; F(1,30) = 0.02 for the interaction effect, p = 0.89), with males having a stronger grip than females. In addition, ATR exposure did not affect the performance of male juveniles in the pole test (p ≥ 0.28 for all endpoints, Mann-Whitney), but female juvenile offspring from ATR-treated dams exhibited a trend toward a decrease in the total time (p = 0.07, Mann-Whitney; Fig.  5 ). There was not significant sex (F(1,11) = 1.19, p = 0.30) or treat-
FIG. 5.
Effects of drinking water atrazine (3 mg/l) exposure from gestational day 6 to postnatal day 23-24 on the time to turn (A), time to descend (B), and total time (C) spent in a pole test by juvenile mouse offspring. ∧ indicates a trend toward significant difference from the control group (p ≤ 0.10). Data are expressed as median ± range (n = 8-10/group/sex).
FIG. 6.
Effects of atrazine (3 mg/l) exposure via the drinking water from gestational day 6 to postnatal day 23-24 on the number of marbles buried in a marble burying test by juvenile mouse offspring. * indicates significant difference from the control group (p ≤ 0.05). Data are expressed as means ± SE (n = 3-5/group/sex). ment (F(1,11) = 1.73, p = 0.22) effect on the marble burying behavior based on two-way ANOVA results largely due to increased variability in males. If data were analyzed within sex, female juveniles from ATR-treated dams buried higher number of marbles than control animals (t(6) = 2.54, p ≤ 0.05; Fig. 6 ). As stated, the marble burying behavior of the male juveniles was quite variable and it was not altered by the perinatal ATR exposure (t(5) = 0.51, p = 0.63).
In the FST, two-way ANOVA showed that perinatal ATR exposure significantly decreased the time spent swimming and increased the time spent immobile (F(1,30) ≥ 5.12, p ≤ 0.05), but had no effect on the number of climbings (F(1,30) = 2.89, p = 0.10) in juvenile offspring. Analysis within each sex indicated that this main effect was mainly due to juvenile males, which had reduced swimming time, decreased number of climbings, and elevated immobile time (t(14) ≥ 2.36, p ≤ 0.05, Fig. 7) ; no alterations were observed in the female juveniles (t(16) ≤ 1.23, p ≥ 0.24).
Adult Offspring Behavior
As shown in Figure 8 , adult males from ATR-exposed dams, similar to control males and females, exhibited higher number of approaches toward the novel object (t(14) = 3.06, p ≤ 0.01). However, this novel object preference was absent in the adult females from ATR-exposed dams, i.e., they had equal number of approaches toward the familiar versus the novel object (t(14) = 0.41, p = 0.69), suggesting a sex-dependent (female-only) object recognition memory deficits.
No significant differences (Supplementary figs. 4-7) were observed in the open field (F(1,28) = 0.14, p = 0.72 for the number of rearings during the first 5 min; F(1,150) ≤ 0.74, p ≥ 0.40 for horizontal and location parameters), pole (p ≥ 0.54, Mann-Whitney), grip (F(1,28) = 2.48, p = 0.13), FST (F(1,28) ≤ 0.0088, p ≥ 0.93), and marble burying tests (F(1,11) = 0.37, p = 0.56) due to perinatal DW ATR exposure in both male and female adult offspring. In   FIG. 7 . Effects of atrazine (3 mg/l) exposure via the drinking water from gestational day 6 to postnatal day 23-24 on the time spent swimming (A), time spent immobile (B), and the number of climbings (C) in a forced swim test by juvenile mouse offspring. "a" indicates significant overall treatment effects by two-way ANOVA (treatment X sex, p ≤ 0.05). * indicates significant difference from the control group (p ≤ 0.05 within each sex). Data are expressed as means ± SE (n = 8-10/group/sex).
FIG. 8.
Number of approaches toward a familiar versus a novel object (%) in a novel object recognition test of adult mouse offspring from dams exposed to vehicle or 3 mg/l atrazine via the drinking water from gestational day 6 to postnatal day 23-24. * indicates significant difference between the novel and the familiar objects within a treatment group of each sex (p ≤ 0.05). Data are expressed as means ± SE (n = 6-8/group/sex). the marble burying test, there was a sex effect with adult male offspring burying more marbles than females (p ≤ 0.05; Supplementary fig. 7) . A significant sex effect was also found on the grip strength test, with males having stronger grip strength than females (F(1,28) ≥ 6.96, p ≤ 0.01; Supplementary fig. 5 ).
Dam Neurochemistry
In the dam, there was a trend toward a significant increase of striatal DA (t(18) = 1.82, p = 0.085), but ATR did not affect DA's metabolites DOPAC (t(18) = 0.95, p = 0.36), HVA (t(18) = 1.34, p = 0.20), and 3-MT (t(18) = 0.46, p = 0.65), or the DOPAC/DA ratio (t(18) = 0.59, p = 0.56), the HVA/DA ratio (t(18) = 0.07, p = 0.94), and striatal 5-HT/5-HIAA levels (t(13) ≤ 0.66, p ≥ 0.52; Table 2). ATR also decreased NE (t(6) = 2.70, p ≤ 0.05) in the perirhinal cortex, but it did not change the levels of other selected monoamines in this region (t(6) ≤ 0.52, p ≥ 0.63; Table 3 ). In the nucleus accumbens, ATR exposure resulted in a trend toward a decrease of DA (t(6) = 2.29, p = 0.06), significantly decreased HVA (t(6) = 2.56, p ≤ 0.05) and 3-MT (t(6) = 3.95, p ≤ 0.01), but it did not alter 5-HT or NE homeostasis (t(6) ≤ 1.57, p ≥ 0.17; Supplementary table 3). In the prefrontal cortex, no significant changes of monoamines or their metabolites were observed (t(18) ≤ 0.53, p ≥ 0.60; Supplementary table 3). In the dam's hippocampus, the only significant effect was an increase of HVA (t(18) = 2.44, p ≤ 0.05; Supplementary table 3).
Juvenile Offspring Neurochemistry
In both male and female juveniles from ATR-exposed dams, striatal levels of DA were increased (F(1, 29) = 5.81, p ≤ 0.05), DA turnover (DOPAC/DA ratio) was decreased (F(1,29) = 5.81, p ≤ 0.05), but DA's metabolites DOPAC, HVA, and 3-MT, as well as striatal 5-HT homeostasis were not changed (F(1,29) ≤ 3.76, p ≥ 0.06; Table 2 ). In the prefrontal cortex and hippocampus, perinatal DW ATR exposure did not affect any monoamines or their metabolites that were measured (F(1,30) ≤ 1.01, p ≥ 0.32; Supplementary table 4).
Adult Offspring Neurochemistry
In the adult offspring's striatum, perinatal ATR exposure did not alter the levels of DA (F(1,28) = 0.04, p = 0.84), DA's metabolites DOPAC (F(1,28) = 0.51, p = 0.48) and HVA (F(1,28) = 0.26, p = 0.61) in both males and females, but it significantly increased 3-MT (F(1,28) = 5.14, p ≤ 0.05) and 5-HT (F(1,28) = 4.77, p ≤ 0.05); there were also sex effects on DA turnover (DOPAC/DA ratio: F(1,28) = 7.12, p ≤ 0.01; HVA/DA ratio: F(1,28) = 4.36, p ≤ 0.05; Table 2 ) and a trend toward a significant sex effect on DA (F(1,28) = 3.90, p = 0.06). In the perirhinal cortex, there was a significant sex effect on NE (F(1,11) = 7.98, p ≤ 0.05); ATR exposure also caused female-specific decreases of DA's metabolite DOPAC (t(5) = 3.17, p ≤ 0.05) and of 5-HT (t(5) = 2.63, p ≤ 0.05), but it did not alter other selected monoamines in this region (F(1,11) ≤ 0.96, p ≥ 0.35; Table  3 ).
In the nucleus accumbens, DA's metabolite 3-MT was decreased (F(1,10) = 4.96 for the interaction effect, p ≤ 0.05) mainly in males (t(6) = 2.62, p ≤ 0.05) whereas 5-HT's metabolite 5-HIAA (t(4) = 4.19, p ≤ 0.01) was increased in females (Supplementary  table 5 ) from ATR-exposed dams. In the prefrontal cortex, twoway ANOVA indicated no significant treatment effects (F(1,28) ≤ 2.67, p ≥ 0.11), but there was a significant sex effect on NE (F(1,28) = 10.41, p ≤ 0.01), with males having higher NE levels than females. Additional analyses with t-test within each sex found a significant decrease of DA in males (t(14) = 3.02, p ≤ 0.01; Supplementary table 5). In the hippocampus, the only significant treatment effect was an increase of HVA (F(1,28) = 6.70, p ≤ 0.05) in both males and females whereas NE exhibited a significant sex effect (F(1,28) = 5.87, p ≤ 0.05, Supplementary table 5), with females having lower NE than males. 
DISCUSSION
This study provides evidence that maternal DW exposure to ATR induces multiple behavioral abnormalities involving motor, emotional, and/or cognitive functions in both dams and offspring. Notably, the ATR-induced behavioral changes in the offspring are time-dependent and occur in a sex-and behavioral domain-specific manner. These behavioral alterations are associated with widespread perturbation on brain monoamine homeostasis that is, in some cases, age-and sex-specific. In the context of ATR neurotoxicity studies, the current exposure paradigm as well as the findings on the behavioral and the associated neurochemical effects in dams and offspring are novel. One of the major findings from this study is that exposure to a relatively low DW concentration of ATR (3 mg/l, on average 1.4 mg/kg) during gestation and lactation decreases object recognition memory function in dams and adult female offspring. Short-term oral ATR (≥25 mg/kg) exposure also reduces the NOR performance of adult male mice (Lin et al., 2013b) and, interestingly, adult mouse offspring from dams orally exposed to ATR from GD14 to PND21 exhibit altered memory function assessed by a passive avoidance test, with the effects being greater on females (Belloni et al., 2011) . Thus, ATR's effects on the offspring's cognitive function may be delayed and sex-specific. The perirhinal cortex plays an important role in object recognition memory (Antunes and Biala, 2012) . The female-only adult offspring effect of perinatal ATR exposure on 5-HT (75% decrease) levels in the perirhinal cortex and the decreased NE in dams' perirhinal cortex may, in part, account for the observed NOR memory deficits in female adult offspring and dams, suggesting the perirhinal cortex as a novel target of ATR. It has been shown that ATR ex-posure from GD14 to PND21 induces dimorphic neuropathology in the adult offspring by targeting the frontoparietal cortical and striatal areas in a sex-independent manner, but affecting the hippocampus and hypothalamus only in the female offspring (Giusi et al., 2006) . Besides the perirhinal cortex, object recognition memory also engages the prefrontal cortex, nucleus accumbens, and hippocampus (Nelson et al., 2010; Preston and Eichenbaum, 2013) . Therefore, the altered DA homeostasis in the nucleus accumbens and hippocampus may also contribute to the memory deficits in ATR-treated dams, indicating that ATR might affect the memory processes at multiple levels, with the prefrontal cortex being least affected.
Another major finding from this study is that ATR exposure causes a trend toward hyperactivity in the dam and increased locomotor activity in male and female juvenile offspring, but in the offspring this effect is transient and does not persist into adulthood. This finding is in line with earlier studies that found chronic (1 year) dietary exposure to ATR (10 mg/kg) increases locomotor activity in male rats (Bardullas et al., 2011) and oral exposure to ATR (≥0.001 mg/kg) from GD14 to PND16 increases motor activity in an open field (10 min) plus novel object (5 min) test in male and female juvenile (PND16) mouse offspring (Belloni et al., 2011) . On the other hand, short-term exposures to higher doses of ATR (100-250 mg/kg) result in hypoactivity (Lin et al., 2013b; Rodriguez et al., 2013) that lasts up to 5 days in adult male rodents (Rodriguez et al., 2013) . These findings suggest that ATR exposure consistently disrupts motor function in both sexes and across multiple exposure paradigms. The direction of this effect may be dose-and time-dependent. As the nigrostriatal DA system participates in motor control (Schultz, 2007) , the trend toward a significant increase of dams' striatal DA, the significantly increased striatal DA in juvenile offspring, and the lack of effects on striatal DA in adult offspring may be responsible for the trend toward increased motor activity in dams, the significantly increased motor activity in juvenile offspring, and the unchanged adult offspring's motor activity. This finding agrees with previous studies that demonstrated ATR-induced alterations on motor activity are accompanied with altered striatal DA homeostasis in adult male rodents (Lin et al., 2013b; Rodriguez et al., 2013) . The finding that the effect of ATR on the striatal DA level is transient agrees with our earlier study that short-term (14-day) oral ATR exposure, despite causing an apparent persistent loss of DA neurons in the substantia nigra, disrupts striatal DA homeostasis temporarily (within 1 week after exposure; ≥125 mg/kg), probably due to compensatory upregulation of striatal DA synthesis by the surviving DA neurons (Coban and Filipov, 2007) .
Besides altered motor activity, juvenile females, but not males, from ATR-exposed dams buried more marbles in the marble burying test, indicating female offspring-specific increased anxiety-like (Kobayashi et al., 2008) or repetitive (Malkova et al., 2012) behavior. On the other hand, in juvenile males, perinatal ATR exposure increased the time spent immobile in the FST, suggesting increased depressive-like behavior (Kobayashi et al., 2008) . These sex-specific effects on emotional function did not persist into adulthood. In line with our findings, sex-dependent effects on anxiety/depression have also been observed in offspring of rodents exposed to other toxicants (e.g., methylmercury and chlorpyrifos) during gestation and/or lactation, with females responding with anxiety-like behavior (Ricceri et al., 2006) and males responding with depressive-like behavior (Onishchenko et al., 2007) .
Anxiety and depression disorders are associated with dysregulation of monoamine systems (Ressler and Nemeroff, 2000) . However, except increased striatal DA, there were no other changes in the monoamine levels in the striatum, prefrontal cortex, and hippocampus of juvenile offspring from ATR-treated dams. These results imply that there may be other brain regions and/or neurotransmitter pathways targeted by perinatal ATR exposure. Alternatively, ATR's effects on gonadal hormones (Cooper et al., 1996; Friedmann, 2002) may contribute to or be responsible for these sex-specific effects. For example, pubertal hormones play an important role in the development and control of sexually dimorphic brain and behaviors (Sisk and Zehr, 2005) . Ovarian hormones, such as estrogen, are associated with anti-anxiety effects (Palanza, 2001 ), whereas testosterone is related to anti-depressive-like behavior in rodents (Frye and Walf, 2009) . In this regard, ATR exposure has been shown to decrease serum estrogen, increase serum progesterone (Cooper et al., 1996) , and reduce serum testosterone (Friedmann, 2002) levels in rats. Whether these sex-specific effects of ATR on gonadal hormones account, in part, for its sex-selective effects on the emotional function in juvenile offspring remains to be investigated.
Recent pharmacokinetic studies suggest that following gestational and/or lactational rodent exposure to ATR via the oral route (5 or 25 mg/kg), the fetus is exposed to ATR and its metabolites at levels similar to maternal plasma levels; the neonate is mainly exposed to ATR's major metabolite didealkylatrazine (DACT) at levels one third of its maternal plasma levels (Fraites et al., 2011; Lin et al., 2013c) . Both ATR and DACT can bind to brain tissue proteins (Dooley et al., 2010; Fakhouri et al., 2010) and ATR adduction can cause protein dysfunction (Fakhouri et al., 2010) . Moreover, both ATR and DACT can disrupt morphological differentiation of dopaminergic neurons in vitro, albeit with different potencies and via different mechanisms (Lin et al., 2013a) . Therefore, the observed behavioral abnormalities in the adult offspring long after the perinatal exposure has been terminated may be because ATR and/or DACT directly affect major neurodevelopmental processes, such as neuronal differentiation.
Among the behavioral tests used in the current study, novelty preference in the NOR test was abolished in ATR-exposed dams and their adult female offspring, whereas changes in the other behavioral tests were more modest and/or transient in nature, suggesting that NOR may be more sensitive to ATR than the other behavioral tests. Neurochemically, striatal DA homeostasis was altered in both male and female juvenile offspring and there was a similar trend in the dams; other endpoints were affected by ATR either in the dams or in the offspring, suggesting that the more consistent neurochemical endpoint affected by gestational and lactational DW ATR exposure is striatal DA. These data agree with earlier studies in adult rodents (Bardullas et al., 2011; Lin et al., 2013b; Rodriguez et al., 2013) and suggest greater and sex-independent sensitivity of juveniles.
The two existing rodent developmental neurotoxicity studies with ATR used bulk daily oral administration as the exposure paradigm and the exposure duration was from GD14 to PND21 (Belloni et al., 2011; Giusi et al., 2006) . The present study used an environmentally relevant DW exposure route and an exposure duration (GD6 to PND23) that included the early period of DA system development (GD6-13) when DA neurons are still undifferentiated or at the beginning of differentiation (Prakash and Wurst, 2006) . Inclusion of this early phase is important because any potential effects of ATR on undifferentiated DA neurons will be missed if exposure begins from GD14. In this regard, our earlier in vitro study has shown that undifferentiated DA neurons are particularly vulnerable to ATR (Lin et al., 2013a) .
CONCLUSIONS
Our results indicate that DW exposure to a relatively low dose of ATR during gestation and lactation causes detrimental effects to the nervous system and multiple behavioral abnormalities in the dam and offspring. These behavioral alterations are associated with perturbation of brain monoamine homeostasis in a brain region-and, in some cases, sex-and time-specific manner. Thus, alterations of monoamine levels in the perirhinal cortex may be involved in the ATR-induced object recognition memory deficits, suggesting perirhinal cortex as a potential novel target of ATR, whereas alterations of striatal DA homeostasis may be responsible for the altered motor activity. The findings that perinatal ATR exposure has delayed effects on cognitive function and long-term effects on certain monoamine systems in the offspring suggest that developmental ATR exposure may increase vulnerability to neurodegenerative diseases involving monoaminergic dysfunction later in life. The finding that ATR causes sex-specific behavioral changes in the offspring suggests that ATR overexposure may be a contributing environmental factor to the development of sex-biased neurodevelopmental disorders. Future studies that include additional lower exposure levels and detailed structural analysis of potential monoaminergic neuronal degeneration following perinatal DW ATR exposure are warranted.
SUPPLEMENTARY DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/.
